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TITLE: Moieciilar Electro-Optical TransiFlor And Switch 

This invention relates ^cnereJly, as indicated, to molecular 
electronic and optical devices, and, more particularly, to electro-optical 
transistors and switches of the molecular type. 

An objective of the present invention is to improve speed of 
cycling response of a computer element and to increase the density of 
memory. Another objective is to i<nprovc speed of communicating 
information. An additional objective is to facilitate using light for 
information communication and signal processing. A further objective is to 
facilitate interfacing electrical and optical information, signals, etc. 

In the past signals were derived from a large number of 
molecules making up a material on a so-called macro level, an example 
being the transistor. Now, according to the present invention, signals are 
derived from changes in state in a single molectile. These individual states 
can be ret J out or analyzed by Raman spectroscopy techniques or perliaps 
by other optical analysis tecliniques. in order to resolve the signal spatially 
and in intensity Raman spectroscopy is preferred. 

Typical response times for conventional electrical devices, e.g. 
to accomplish a switching function, have been on the order of 10"9 or lO'^O 
second. Various techniques for still more quickly switching signals and 
information have been developed, such as the Josephson junction. A 
disadvantage lo such fast-acting elsctrical switches or switch junctions has 
been the extreme temperature requirements. For example, a Josephson 
junction type of fast-acting electrical switch must be very cold, e.g. super 
cooled. Typii.aily liquid helium is lised to maintain the switching junction at 
the desired cold temperature for proper operation. Tlie cost and space 
requirements te maintain such temperature conditions are counter- 
productive to the goals of cost reduction and miniaturization, which are 
highly sought in the compute.- field, for example. 
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One aspect of the present invention relates to electrical 
modulation of an optical output signal or information. Anotfier aspect 
relates to opticaUy modulating an optical output signal op information. Yet 
another aspect is to achieve a signal amplification effect. An additional 
aspect relates to the optical modulation of an electrical signal or 
information. A further aspect relates to switching signals or information at 
high speed, and still another aspect is the miniaturization of such switching 
apparatus. Yet a further aspect is to combine two or more of such aspects 
or features in a single device. Such features of the invention may i>e 
utilized, for example, in computers for switching, memory, input, output 
and/or other functions; and such features also may be otherwise used, for 
example, in electricalj optical and/or other systems and devices. 

The inventor has discovered that the observable changes in the 
electrical and optical characteristics of individual molecules caused by the 
electrical and/or optical excitation or de-excitation of electrons within such 
molecules can be used as signals which in turn can be used to carry 
information and that such observable information carrying changes or 
signals con be switched, amplified, and modulated by varying the optical as 
well as the electrical inputs to such molecules. 

In the invention electro-optical molecules are adsorbed on a 
substrate. The natural characteristic of such a molecule is altered by 
ionization or electron transfer; more specifically an electron is excited to 
an excited state. Electron transfer, trapping, or excitation/state change, cr 
molecule ionization is effected and controUed as a function of (1) electric 
potential across an adsorbed molecule or a layer or layers of such molecules 
and/'or (2) wavelength(s)/frequency(ies) and intensity{ies) of the incident 
illumination thereof. Such electron transfer, trapping, or state change 
causes a change in the natural or non-perturbed optical response of the 
adsorbed molecule. The optical response can be detected using Raman 
spectroscopy, preferably surface enhanced Raman spectroscopy. Such 
detection or analysis provides a spatial distiibution of the Raman lines, each 
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Josephson junction technoIog:>\ Such response may be detected, e.g. by a 
light sensor, thereby to provide fast switching, read-out, etc. functions. 

The invention may bft used to obtain from the output Lght 
emitted by the molccu!e(s) one or more di.<tinct output signals, each of 
which may be at different intensity levels. Such signals are distinguished 
from each other in the frequency domain. Single or multiple signal outputs 
from the overall system is possible. The Raman spectrum Une from a 
distinct frequency then would represent a specific output signal or 
information which ccdd be used in multilevel fashion, such as multilevel 
logic, etc. The existence of such a Une and the intensity thereof can be 
used as or can be used to derive output information. Thus, for example, for 
such multisignal output use, while maintaining a constant incident 
mumination of the adsorbed molecules, changing the appUed potential may 
cause various ones of the Raman spectrum output lines to vary respectively 
In intensity; such variations need not necessarily be the same for each line. 
For single output, while maintaining a constant incident iUumination of the 
adsorbed molecules, as wiU be described in greater detail below, variation of 
the potential across the adsorbed moleciUts can effect a modulation of the 
Raman signal. Conversely, a similar effect on the output may be achieved 
by changing the intensity and'or wavcienglh(s)/f reqr jncy(ies) of the incident 
iUumination whDe maintaining constant the applied electric potential and 
incident illumination. 



The invention envisions tlie realization that a molecular size 
device can be used to derive an output that can be treated as a signal for 
carrying information and such signals can be modulated at very high speeds. 
To accomplish that puipose the invention achieves an operative system by 
selecting a molecular species and means for applying thereto the electrical 
and optical inputs to obtain delectable outputs. 

Preferred molecules would be macrocyclics, such as 
phthalocyanines, porphyrines, chlorophyls, hemes, or cytochromes. 



However, other molecules iray be used according to the invention if they 
respond to the desired input to achieve an excited state thai can produce a 
useful detectable output. For some applications of the invention the 
molecules, and preferably macrocyclics, should exhibit semiconductor 
pn.'perties. 

To apply eleciric potential to or to obtain electric polarization 
of the molecules, the molecules should be adsorbed on a conducMng or 
semiconducting substrate. Freferable conducting substrates would be, for 
example, silver, gold, copper, and aluminium, and halides of 'hese metals; 
the most preferred would be silver and silver halides. Preferred doped or 
non-doped semiconductor substrates would be, for example, galium arsenide, 
tin oxide, zinc oxide, silver oxide, cadmium sulfate, germanium. Organic 
material exhibiting similar characteristics aUo may be used as the 
substrate. It is possible that metaUic substrates are more effective when 
they are covered by semiconductor fUms interfaced between the metaUic 
substrate and the specific molecules. 

Optical input may be provided by a monochromatic light source, 
such as one or more lasers. However, a non-monochromatic light source 
may be used if a light sensitive molecular species, such as rhodopsin, is 
attached as a polar group to or wiU otherwise form a chemical bond with the 
subject molecule tc function as an input molecule therefore . In.such case 
the electrons in the light sensitive input molecular species are excited by 
the Ught input, and this excitation is transferred to the subject molecule. ' 
This configuration makes more efficient use of the input light and permits 
amplification of the emitted optical signal. Using such light sensitive input 
device the invention may be characterized as an optical to optical valve, 
which may be considered analagous to other types of mechanical and 
electrical valves, the latter for example inc.Viding • l.ctron tubes, 
transistors, other semi-conductor devices, and the V\e. Moreover, using 
such rhodopsin or other similar or dissimilar input and output devices ^ay 
facilitate providing inputs to the subject molecules and obtaining useful 
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outputs therefrom, for example without direct wire or fiber optics 
attachment, etc., thereto. 

The invention may be characterized as a switch, *»t. arnplitade 
modulator, and/or an amplifier. As a switch the invention responds to an 
input to turn on or off a particular output, and this occurs at hij;h 5peed, e.g. 
speeds on the order of 10-^3 to 10-15 second. As an amplitude modulator 
the inventi'^n responds to an input to modulate the amplitude of an output, 
e.g. the int. *ty of light of a particular frequency, and this, too, can occur 
at the mentioned high speeds. As an ampUfier the invention responds to an 
input, for example light, to produce an amplified output. The invention is 
described in derail with reference primarily to the producing of an optical 
output; however, the invention also may be used to produce electrical 
output. 

In one embodiment of the invention the adswbed molecules are 
on an electrode surface. Th€! electrode and molecules are placed in ar. 
electrolyte, such as a Mquid bath. Illumination is by a monochromatic 
c^tical source, preferably a laser. Potential from an electrical s'>urce is 
applied to the adsorbed moleciJes between the electrode and the 
electrolyte, which serves as the other electrode. 

In another embodiment the molecules are of the macrocyclJc 
type, for example, phthaJocyanines, porphyrines, ehlorophyls, hemes, or 
cytochromes, that have characteristics of doped semi-conductor materials; 
and such molecules may be used with other semi-conductor inateriaZs, such 
as conventional doped materials. Such semi-conductor material provide the 
needed potential application to the adsorbed molecules to cause the overall 
structure to have operational characteristics of, for example, a trensi.«5tor. 
Such macrocyclics exhibit p type semiconductor properties and also are 
photoactive. Therefore, for such transistor to be complete, the other 
material used at the opposite sides of the p type material should be n type 
semi-conductor material. Another solid state semi-conductor type device in 
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which the invention may be used is a diode and it is contemplated that other 
type semi-conductor d'jviccs also may employ the invention* The semi- 
conductor devices according to the Inveiiticn may be used in conventional 
ways, e.g. relying on transistor action lor an amplifier or switch, etc. 

Exemplary uses of the iiwenlicii include optical modulators in 
which optical output signals are modulated by an electrical input or by an 
optical input; opttcaliy responsive diode in which electrical signals are 
modulated in response to an optical input; optically responsive transistors; 
and amplifiers. Tiie invention may be used as a memory type device, for 
example, for a computer or a cqmputor type system, as a fast switch, or as 
a pulse shaper. The invention provides for fast optical readout of electrical 
signals and/or electrical readout of or response to optical signals. 

The invention is described heroin as responding to and outputting 
liglit. Such ligiit preferably is in the visible spectrum; however, it is 
contemplated that elcctrofuagnetic radiation, e.g. light, outside the visible 
spectrum also may be employed depending, for example, on the materials 
used, the sensitivities thereof, etc. The words light, illumination, ra(1iation 
and equivalents may be used equivolently lierein. 

According to a furtiher brocid aspect: of the present 
invention there is provided a hi«^h speed electro-optic device 
which comprises ci substrate including electrical conductor or 
semi "-conductor material, and electro-optic responsive macro- 
cyclic molecules adsorbed on the substrate. The molecules 
are responsive to at least one of an electrical input or an 
optical input to effect a h>cjh speed output function. The 
molecules are opsrative to produce an optical output as a 
carrier of information. The optical output is resolvable 
spatially in the frequency domain to read out generated or 
stored informaLion. The device further comprises Raman 
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spectrometer means for spatially resolving such optic?.! 
output in the frequency domain. The molecules are responsive 
to at least one of an electrical input or an optical input to 
undergo a detectable i n t ra-molccular electron transfer or 
intrci-molecular electron energy change to effect an output 
function . 

According to a further broad aspect of the present 
invention there is provided a hic,^h speed electro-optic switch 
system which comprise? a substrate comprised of at least one 
of an electrical conductor or semi-conductor material. 
Electro-optic responsive macrocyclic molecules are provided 
and comprise at least one of phthalocyanine molecules, 
porphyrine molecules, chlorophyl molecules, heme molecules 
i^nd cytochrome molecules. The molecules are adsorbed on the 
substrate ana responsive to at least one of an electrical 
input or an optical input to undergo an intra-molecular 
electron transfer or intra-molecular electron energy change 
as a carrier of information. input means is provided for 
supplying to the molrcule:; at least one of an electrical 
input or an optical input. A Raman spectrometer output means 
is also provided for reading out such information. 

Various objects and advantaires of the present invention will 
become apparent from tlie description licrein. 

To llie accomplishment of the foregoing and related ends, the 
invention, tlien, comprises the features hereinaii^r fully described in the 
specifiation and particularly pointed out in the c'f»ims, the foUowing 
description and t!ie annexed drawings setting forth in detail certain 
iUustrative embodiments of the invention, these being indicative, however, 
of but several of the various ways in which the principles of the invention 
may be employed. 
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In the annexed drawings: 

Fig. 1 is a schematic illustratfon of an e)ectr<^opUc«l switch 
system .„• accordance with the p.-esent invention utilizing a liquid 
electrolyte; 

Figs. 2 through 5 schematically iUustrate several versions of 
electr<«ptical transistors in a.-cordance with a .nodi.ied embodiment of the 
invention; 

l'^- « • schematic illustration of a macrocycUc molecule in 
the forr, of tetrasulfonatod phthalocyanine. which may te. employed in 
-cc^dance with the present invention as an adsorbed monoiaver on an 
electrode or semi-conductor substrate; 

Fig. 7 is a schematic representation of an assemblage of a light 
sens.t.ve .nput molecule and plural macrpcyCic phthalocyanine molec^cs 
operattvcly interactive to function as a light amplifier, 

,Uv., , ' " " illustration of « system for activating a 

sUver electrode and for adsorbinu niolecules thereon; 

Fig. 9 is a graphical representation of f,, Raman spectra 
measured at respective e'ectric potentials across the macrocvclic 
•aonolayer, for example using the system illustrated in Fig. Ij 

. " " volt-Raman gra,:, for the 1?,6 cm"! Raman band, 

such graph hav,ng substantial bistable hysteresis; Fig. ,ob is a graphical 
epresentafon like that of Fig. ,0a t-.en over a more limited voltage range 
to reduce bistable hysteresis; and Fig. ,0c is a cyclic voltammogram 

from the same material examined and producing the output 
illustrated in Figs. 10a and 10b; 
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b«n* . JrT ' volt-Raman graphs for three R,„,a„ 

bands at different respective pH levels or the electrolyte, for example 
.neasurc. .ccording to the ,,sten, illustrated .„ r.,. , a„d Ig. n 
.«^at.on or respective cyclic volta^.ogra.s corrcs,.ndl„/to such p^ 

and re-*. T^' ' clectro^ptical memory 

and readout system in accordance with the invention, and 

arr«n " ^ read-but 

arrangement for a molaeular electro-onti^ai • • 

Invention. eiectr<>^ptical device in accordance with the 

numeral, . ^^'"'"^ --ef^-nces 
nu. ra^ .es.gnate like parts in the several figures, and initially »o Fig , 

riTdicttrt r r*" '"^'^'''^'^"^^ ^^'^^ 

IS indicated at 1. In the sv*!f*im i 

«nt,v., ^ ■ u 3Uu3trated a molecular electro- 

optical device schematically represented at 2 •« p,v i .k • 
illi«tr«f,„„ . «i 2. in Fig, 1 there is an enlarged 

Uluitratipn oi one version of such device 2 in th-, r , 

e^K^ * • ^ molecular electro-obtical 

An electrical supply 4 is associatec with the switch 3 i„ .h. 
preferred emhodiments =uch electrical suppl, . .ay inc. de^ o c voltag 
urce 4a and a variaWe resistor 46 type device, for example, to a p^an 
electric potential across one or more laye. o, ....erial emp oyedTn the 
w. ch 3. Automatic, electronic or other controls „.ay 5e used to change 
uch electric potential. An optical supply or input is re re „ e. 
schematically at 5 in Fig. 1. Such optical input S may include 3 lire 
sources of monochromatic optical radiation or light a d mo^ ; 
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lu the form of one or more laser beams 6. 7 from, for example, 
conventional laser d2viccs. Although they are iUustratcd directed at 
different angles of incidence to the device 2, t:-.e laser beams 6. 7 are only 
schematically represented in Fig. I. 

A Raman spectrophotometer analyzer 10 is the remaining portion 
Of the electro^ptical system 1. The analyzer 10 includes a grating 11, which 
separates light received from the molecular electro-optical device 2 into its 
spatially distributed components, which are directed or projected, for 
example, onto a screen 12 or into a plane, for example, where they can be 
observed. Furthermore, the analyzer 10 includes one or more photosensitive 
detector devices, such as tho.e shown at 13, 14, which may be, for example, 
photomultipliers, photosensitive diodes, or other device capable of producing 
a useful output, such as an electrical signal, representing intensity of light 
received thereby. 

In operation of the electro^tical system I, for example, 
wcident iUumination 20 is directed onto the molecular electrt^optical 
<Jev:ce 2, such as the switch 3 described here, or one of the Uansistors 
described below. Scattered or re-radiated light 21 from the device 2 is 
Areetcd to the Raman spectrophotometer analyzer 10, which is used to 
analyze the intensity. wavdei«th. frequency, and/or spatial distribution of 
the components of such scattered or re-radiated light 21. The subject 
molecules of the invention are excitable in response to electrical dhd/or 
optical input thereto to change from a natural or unperturbed state to an 
excited one, and the level or extent of such excitation will depend, for 
example, on the electric potential (or other electric input) thereto or 
thereacross and/or the intensity and wavelength or frequency of light 
incident thereon. Such excitation cau.es ionization of the subject 
moIecule(s) with the result that there appears to be an intramolecular 
charge transfer, trapping, or excitation to an excited state of an electron at 
a particular location in the moIecule(s). The location of such trapping or 
excited electron, for example, may be a function of the Input electric 



potential and/or light wavelength/frequency and/or intensity and may alter 
the natural vibrational characteristic of an intramclecular bond, which, 
accordingly, changes the optical eharacleristics of light emitted by the 
molecule's). As used herein, then, reference to scattered, emitted, or re- 
emltted light frcm the subject molecules means that light emitted thereby 
In response to the electrical and/or optical exciting of the subject 
moUeule{s). For a given wavelength, frequency, and intensity of incident 
lUuwinatlon 20, the characteristics of the light analyzed by the analyzer 10 
will be a function of the electric potential applied to the electro-optical 
switch 3 by the electrical supply 4. Moreover, for a constant electric 
potential applied to the switch 3 by the electrical supply 4, the 
characteristics of the light analyzed by the analyzer 10 also may be a 
function of the wavalength, frequency, and/or intensity of the incident 
illumination 20. Furthermore, an added dimension of the output, i.e. the 
information obtained by the analyzer 10, may be accomplished by. varying 
both the incident iUumination 20 and the electric potential provided by the 
electrical supply 4. Electric potential or other electrical characteristic of 
the device 2 also may be read out as a function of an optical and/or 
electrical input. 

Preferably the analyzer 10 is a Raman spectrophotometer type 
to achieve a spatial distribution in the frequency domain of the scattered 
light as weU as to measure the intensity thereof, particularly of the spectral 
components thereof. The operation of the Raman spectrophotometer, 
according to the invention, preferably is along the principles of si^rface 
enhanced Raman scattering. However, other optical analyzers could be used 
if capable of obtaining useful output from the re-radiated light 21, for 
example by analyzing the spatial distribution of the components thereof. 

In the Raman spectrophotometer analyzer 10 the illustrated 
triangular envelope 22 represents the maximum extremities of the spatial 
distribution of the spectral components of the scattered or re-radiated light 
21, for example. Within that envelope ordinarUy would be a number of 



Raman spectrum lines, such as those depicted goneraUy at 23 and 
particularly represented at 23a through 23f, for example, in Fip. 1. If the 
band pass on tlie monochromator of the speetrophotoroster 10 for detector 
13 is set to a relatively wide matrnitude, such 8i« 20 cm"l then the. detector 
13 can be used to produce an output curve in the form of a volt-Raman 
graph represented at 24. where the intensity ,>[ light monitored by the 
detector 13 is d«*teeted as a function of the electric potentiai applied by the 
electrical supply 4 to the molecular electro-optical switch 3. The graph 24 
Illustrates a certain bistable hysteresis characteristic, which wiU.Ws 
discussed :n greater detaU below, a different volt-Raman graph 25 is shown 
for the detector 14 which is positioned with respect to the crating 11 and 
screen 12 to measure another Raman spectrum line area producing 
information representing intensity of light as a function of the electric 
potential applied by the electrical supply 4 to the molecular electro-optical 
switch 3. 

The electro-optical systen^ 1 is operative at typical room 
amWent temperatures of, for example, from about 60' Farenheit to about 
80«Farenheit; there is no requirement for super cooling like that needed for 
Josephson junction technology. . 

Using the electro-optical system 1 as a high speed switch device, 
for example, for a given olectric potential applied to the molecular electro- 
optical switch 3, the turning on and off of the incident iUum-nation 20 wUl 
result in correspondingly turning on or off the scattered or re-radiated light. 
Switching times as short as from about 2 x 10-13 second to about S x lO-lf, 
second have been achieved nt room ambient temperature. 

In accordance with an alternate embodiment of the Invention, a 
molecular electro-opticsl transistor semi-conductor device, such as those 
lUustrated at 30, 31, 32 and 33 in Figs. 2 through 5, n,ay be substituted for 
the molecular eleetro-opticft switch 3 in the eIectros>ptical system 1 of 
Fig. 1. Such a modified system 1 would function optically generally quite 
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similarly, if not identically, to the system deserilwd above en.ploying the 
molecular electro-optical switch 3. ElectricaUy. though, svoh a n^odified 
system 1 employing such a transistor or other soUd state Jeir.i-conducfo.- 
type device, could function electrically somewhat differenUy than the 
switch 3. Briefly, such electrical operation would l>e of the conventional 
semi-conductor transistor type operation, for example, in which Jeped stmi- 
conductor materials interact with respect to each other and, in particular, 
the electric potentials applied to such materials, most specifically to the 
junctions of such materials, enables a transistor type action. By 
appropriately biasing the respective junctions of differenUy doped 
materials, e.g. ti.e respective pn junctions 34, 35, by the electrical supi lies 
36, 37 associated with the transistor 30 in Fig. 2, the ionization level of or 
the electric potential appUed to the molecular electro-optical material 40, 
which is preferably « macrccydic material, achieves aporopriate changes ;.i 
the intensity and/or spatial distribution of the Raman spectrum bnes 23 
(Fig. 1) analyzed from the scattered or re-radiated light 2!. 

m accordance with stiU another alternate embodiment cf the 
Invention, a molecular electrc^optical amplifier type device or molecular 
structure may be substituted in either of the switch 3. or transistors 30-33. 
Such amplifier molecular structure 38 is shown in Fig. 7 including a 
phthalocyanine (or other macrocycUc) molecular portion and a light 
sensitive input molecule chemically bonded thereto. In resoonse to the input 
of light to the input molecule, the same excites the nccrocycUc portion, 
which effectively amplifies such excitation and. accordingly, produces an 
amplified light output. 

Thus, the present Invention encompasses the use of electro- 
optical responsive molecules in an electro-optical system as a switch ar.d,'or 
transistor or like devices to effect signal switching, sigiim modulation, 
and/or signal amplification. In the switch embodiment preferably electric 
potential is applied across the molecules via an electrode, preferably a 
metal electrode, such as a silver electrode, on which the molecules 
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preferably are adsorbed, on the one hand, and a liquid electrolyte, on the 
other hand. If desired, a solid second electrode may be substituted for the 
electrolyte. In Fig. 1 such silver electrode is represented at 41; the 
molecules adsorbed on a surfacs of the electrode are represented at 40; and 
the electrolyte i.s represented at 43. The electrolyte 43 may be, for 
example, an acid, and it, is weU, as the electrode 41 with the molecules 40 
adsorbed thereoi,, may be containod i.T .in optic Oly transparent container 44 
such as a beak-er or other preferably optically transparent container. Using 
the system of the invention as a transistor or othjr semi-conductor 
molecular elcctr»-o.-,tical device ->.. the molecules 40 (Fig. 2) preferably are 
of the macrccyclic type that have electro-optical characteristics, such as 
phthalocyanines, porphyrines, ehlorophyU, hemes and cytochromes, and such 
material also should h^ve doped semi-conductor properties. The just- 
mentioned materials naturally »«,ve p type doping characteristics. 
Therefore, referring to Fig. 2, for example, the other semi-conductor 
material, such as that depicted at 50, 51. preferably has n type doping 
characteristics. Such doped semi-conductor material 50, 51 together with 
the lead connecUon S2 provides for appropriate semiconductor junction 
biasing and electric potential appUcation/molecule ionization or exciution 
to effect the desired optical output respcnse in the form of scattered or re- 
radiated light 21 by the molecmes 40 in the transistor 30 in response to 
incident iUuminetlon 20. 



It is noted here that t.1e transistors 30-33 may be functional to 
respond to Incident radiation thereby to change measurable output electrical 
characteristics of the transistor, as was n.entioned above with respect to 
the molecular electrc^optical switch 3. However, the detailed description 
of the invention wUl be directed primarily hereinafter to use of the electro- 
cpUcal s>«tem 1 in accordance with the Invention, either employing the 
switch 3 or one of the transistors 30-33, f.-r example, to alter the optical 
output in response t„ the change in the input electric potential and/or 
Incident illumination. The invention, nevertheless, is to be construed as 
encompassing the corollary of a change In measurable electrical 
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characteristics in response, for example, to input electric potential and/or 
incident illumination or hoth. 

In accordance with the preferred embodiment and best mode of 
the present invention, the molecules 40 are electro-opt ically active. 
Specifically, such molecules are active in a. way that they re-emit light in 
response to incident radiation or illumination thereof. Moreover, preferably 
such re-emited light nas an intensity and spatial distribution of the spectral 
components thereof that vary as. a function of incident illumination and/or 
electric potential applied to the molecules. More preferably, and especially 
when the electro-optically responsive molecules are employed in a transistor 
device, the same preferably have doped semi-conductor properties, such as, 
for example, p type doped semi-conductor material, as is depicted in Figs. 
2-5 in the transistors 30-33. Such molecules also may be employed in the 
molecular electro-optical switch 3. Examples of the most preferred 
macrocyclic molecules are phthalocyanincs, (sometimes abbreviated Pc), 
porphyrines, chlorophyls, hemes, and cytochromes, all of which have the 
desired electro-optical characteristics and p type semi-conductor 
characteristics. 

In one example water-soluble tetrasulfonated phthalocyanine was 
used as the electro-optical molecular material, and such material was 
adsorbed on a silver substrate, such as the electrode 41 illustrated in Fig. 1. 
Such a tetrasulfonated phthalocyanine (TSPc) molecule is represented at 60 
in Fig. 6. The molecule 60 is composed of four pyrrole rings 61 and four 
benzene rings 62 which form greater inner and outer rings. The inner ring 
may contain two protons which form a metal-free phthalocyanine (H2-Pc) or 
may have four coordinated central metal ions which creates a variety of 
metal-phthalocyanines (M-Pc). Such metal ions are represented by the 
letter "M" in Fig. 6. Such phthalocyanines arc available commercially from 
Kodak Corporation, Rochester, New York. 



Phthalocyanine molecules are insoluble in aqueous media unless 
polar groups are added to the molecule. The molecule 60 is tetrasulfonated, 
as can be seen by the four SO3 polar groups illustrated in the Fig. 7. 
Sulfonation appears to have a minimal affect on the ovftraU molecular 
characteristics. Sulfonation and solubility in aqueous media is advantageous 
to enable dissolving of the molecules in an aqueous medium end the U'-.e 
thereof in the adsorption process with respect to the electrode, preferably 
silver, or other substrate. If organic solvent or other solvent is used, then 
the molecules should be soluble in that solvent for the same reason. 

It is noted here that a porphyrine molecule appears somewhat 
similar to the phthalocyanine n.olecule 60 of Fig. A; the cfifference is inat 
porphyrine would not have the four benzene rings 62 and bridging nitrogen 
atoms are replaced by carbon atoms. 

EXAMPLE 1 

A macrocyclic material, specifically a tctrasulfonated 
phthalocyanine, was adsorbed on a silver electrode 41 (Fig. 1). Such 
molecules 40 were so adsorbed to form a monolayer film on the electrode. 
The silver electrode 41 was placed in a chemically clean aqueous bathing 
medium 65 (Fig. 8) of a pH 1 and .05 molar of sulfuric acid and 10"^ moiar 
of macrocyclic (phthalocyanine) material and was subjected to annodization 
potential of 500 mv, versus a saturated calomel reference c»lectrode 66 for 
30 to 60 seconds; a potentiostat type device 67 was used to provide the 
electrical input for annodization in the usual potentiostat type of technique. 
This procedure was used to activate the silver interface end to form an 
adsorbed monolayer of macrocyclic molecules. The application of such 
potential to the silver is called activation of the silver. 
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EXAMPLE 2 

Example 2 is the same as Example 1 except that the 
annodization rK>tential was -1.5 volts and the annodization time during which 
such potential was applied was 1 minute. The results are substantially the 
same as in Example !• 

EXAMPLE 3 

A silver electrode 41 was placed in a chemically clean aqueous 
bathing medium of .05 molar H2SO4. The electrode 41 was subjected to, 
e.g., 500 mv. versus the saturated celomel reference electrode for the 
times, as at>ove described in Example 1 using the apparatus of Fig. 8; this 
activates the silver electrode. Then the silver electrode was removed from 
the bathing medium an J was dipped into a solution of 10"^ molar 
tetraijlfonated phthalocyanine (TSPc) in water; thereafter the electrode 
was removed and the excess aqueous solution was allowed to evaporate to 
form a monolayer of adsorbed TSPc on the activated electrode. 

EXAMPLE 4 

Example 4 is the same as Example 3 except ihat the 
annodization potential to activate the silver electrode was -1.5 volts and the 
annodization lime during which such potential was applied was 1 minute. 
The results are substantially the same as in Example 3. 

In Examples N4 the molar concentration of subject molecules 
according to the invention, e.g. phthalocyanines, was selected to achieve 
adsorption of a mcnoiayer film on the substrate. However, a greater molar 
concentration, say of 10*^, may be used if it were desired to adsorb a 
multilayer film. Moreover, other adsorption techniques may be used 
including, for example, vacuum deposition, vacuum film growth, epitaxial 
growth and sputtering* Moreover, adsorption of other subject molecules can 
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be the same as in Examples 1-4 or other examples herein, but it may be 

necessary to adjust the molar concentrations of the subject molecules in 
order to accomodate the molecular size to achieve the desired monolayer or 
multilayer film. 

The electro-optical system 1 was used to examine the adsorbed 
H2-TSPc on the silver electrode. The electrode interface with adsorbed 112* 
TSPc was illuminated with an argon ion laser line operating at 514.5 hni with 
output power of about 50 mW. The incident angle was 78** relat* -e to XUe 
surface normal. Scattered light was observed at 90® relative to the incident 
light. The scattered light was analyzed by a Raman spectrophotometer 10 
including, e.g. a double monochromator (Spex 1400). A photomultipUer, e.g. 
ITT.FW130, and photon counting equipment were used as the oetectors 13, 
14. In Fig. i the monochromator is shown as grating 11 and screen 12 to 
Ulustrate spatial resolution of the light scattered by the molecules 40; 
however, the preferred Spex 1400 monochromator actually employs a 
scanning grating/fixed slit system, as is well icnown. 

During such examination the electric potential applied to the 
molecules 40 was varied by the electrical supply 4. Such supply, for 
example, included a battery 4a or other voltage supply of D.C, potential 
and a variable resistor, potentiometer, rheostat 4b; Lead 70 connected one 
side of the battery to the silver electrode 41, An elec trier Uy conductive 
electrode 71 was connected via a lead 72 to the wiper arm of the variable 
resistor 4b to bring the potential of the electrolyte 43 to that of the wiper 
arm. Therefore, the electric potential across the molecules 40 was n 
function of the adjustment of the variable resistor 4b and the voUage level 
of the battery 4a. 

The laser excited interface of silver and TSPc and electrolyte 
emitted scattered light in the form of surface enhanced Rsman scattering. 
The activated silver electrode functioned as an amplifier with a typical gain 
factor of about lO^. The spectral components and intensity were a function 



of the intensity and frequency components of the input illuminatioR and the 
electric potential across the molecu'es. The reason for high enhancement of 
the Raman signal by the activated silver electrode is not l<nown at this time; 
but it is l<nown thst sucii enhancement does occur. The surface, enhance 
Raman scattering spectra which were obtained from the adsorbed TSFo in 
this example reliably reveals with reproducibility mole.-ular vibrational 
properties of the macrocyclic species iTSPc in this case) in their solutions or 
solid phases, or adsorbed states. ReUable reproduction of n.olecular 
vibrational properties also was obtained in o»her examples by su.-fa- 
enhanced Raman scattering spectra for other adsorbed macrocyclic species. 

In analyzing the scattered radiation 21 by the analyzer 10, one or 
more Raman spectrum lines wiU occur in response to certain chances of 
state of an electron within the molecule. Such state change of an electron 
may distort one of the bonds in the molecule, such as a cirbori^arbori bond, 
a carbon-nitrouen bond, etc. Such state change and/or distortion wiU 
change the vibrational characteristics of. that bond to cau:>e a particular 
frequency or spatial distribution of frequencies of the scattered radiation 
21. 

The surface enhanced Raman scattering spectra obtained from 
the adsorbed TSPc on the silver electrode of the switch 3 shown in Fig. 1 are 
lUustrated in Fig. 9 for four different electric potentials applied across the 
molecules 40. The intensities of the Raman lines show an appreciable 
change when the electrode potential is altered in discrete steps, '.he 
spectra in Fig. 9 were recorded with a relatively high resolution of the 
monoehromator by using a 2.5 cm"! band pass. The spectra shown in Fig. 9 
were obtained with a non-resonant laser excitation, although additional gain 
can be achieved by using resonant excitation, i.e. the laser being at a 
frequency equal to the resonant frequency of the molecule. For TSPc Ihe 
resonant frequency is about 630 nm, 660 nm, or 340 nm. The peaks 
identified at 1341 cm'l in the graphs originates from a C-N bond in a pyrole 
ring and, this represents a spectral component due to the vibration of that 
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specinc bond in the ir olecuie. SimiJariy. the 1521 cm'^ peaks represent a 
spectral cornponent due to vibration in a carbon-carbon bond also in the 
pyrole ring. The source of the 1620 cir< speclral component is not known. 
The four speolra JUustrated in J'i^. are n,ee;ured, respectively, with -.4 
volt, -.2 volt, 0 vclt. and .2 volt electric potential across the molecules 40 
(Fig. 1). The data iUust-ated in Fi- 9 represent intensity of light, at 
respective frequencies. The intensity scale is in counts of photons per 
second by the optical detectors 13, 14, end the order of magnitude of the 
scale fs 3 X 10* counts per second. The frequencies are fro.-n about 200 cm" 
^ to about 1700 cm"!. 

The speed of switching, i.e. the time to respond to a particular 
input or change in a particular input, of the device 2 illustrated in Fig. 1 can 
be predicted or determined by inspection of the graph of Fig. 9 and relying 
on the Heiscnberg uncertainty principle. For example, the lise time or faU 
time of the peak 75 for the carbon-carbon bond in a phthalocyanine 
molecule at a spectrum line 1521 in the overaU Raman spectrum 76 taken at 
0.2 volt electric potential applied to the phthalocyanine molecule can be 
resolved in a time domain. Such resolution indicates a response time on the 
order of lO-U second. The response time was measured by measuring the 
half width at half height of the particular Raman band. Looking at Fig. 9 
that width is measured in inverse centimeters. Such value in inverse 
centimeters, say 53 cm-1, can t>e converted to frequency domain by 
multiplication by a factor 30(pi) x 10^ Hz/cm-1. The inverse of that result 
yields time; thus 5J crn-l can be converted to represent 2.0 x 10-13 soeond. 
Similarly, response times can be obtained for other peaks in the other 
Riman bands. 



From Fig. 9 it will be seen that the response of the 
phthalocyanine molecule or layer thereof at a given incident light freqeuncy 
of input illumination and a constant pH mil be a function of the electric 
potential applied across the molecule or luyeT thereof. 
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Each of the molecules 40 on use and analysis wUl yield 20 to 30 
peaks in its particular Raman spectrum, such as one of the graphs of Fig. 9 
having three of the peaks indicated at 1341, 1521 and 1620 cm-J. Each of 
these peaks may be considered and used as a respective output of the 
molecule! therefore, each molecule is capable of multiple outputs. 
Furthermore, each of those multiple, outputs usually is of different 
magnitude relative to the others; hence, such characteristic introduces in 
the invention a component of multilevel operation. 

The speed of such switching or change in an output 
characteristic of a given macrocydic molecule or layer thereof in response 
to a given input or change in input is exceedingly fast, e.g. on the order of 
10- 3 second. This fast response time can be used in a variety of ways. One 
example is to speed the response of information read-out by existing 
detector apparatus, such as a Raman spectrophotometer. Another example 
is to link optically and/or electrically two or more devices 2 in accordance 
with the invention, whereby the output from one direcUy or indirecUy 
provides an input to the other. In the latter case logic gates and systems 
having extremely fast operation can be created. 

In Fig. 10a is illustrated a graph 90 of the intensity of light re- 
emitted or scattered by ironT>hthalocyanine molecules at the 1346 cm"! 
frequency, such intensity being graphed with respect to electric potential 
epplied across the molecules or Uyer 40 (Fig. 1) thereof. As the voltage is 
Increased from about -0.4 volt to about plus 0.2 volt the curve Une 91 
represents the functional interrelationship between scattered light intensity 
with respect to applied electric potential. A maximum 92 is reached during 
the course of that function and variation of potential. When the potential is 
reduced the graph line 93 is foUowed, and a peak 94 is achieved. The peak 
94 exceeds the magnitude of the peak 92, as can be seen relative to the 
count per second on the intensity scale. Thus, graph 90 cxhibiu bistable 
hysteresis. The graph or curve of Fig. Iffa was made using a relatively low 
resolution or wide band pass of 20 cm-» in the monochromator of the 
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analyzer 10 to accomodate frequency shifu that occur with changes of input 
potential. 

The bistable hysteresis characteristics of the graph or curwe 90 
can be exploited to provide, for example, a logic function. For example, a 
measurement of a peak at 92 may be used to represent a digital logic 0 
level, whereas a peak 94 may be used to represent a digital logic 1 level. 
Therefore, the transition of the electric potential from the maximum 
negative or some point negative before the peak 92 is reached to a more 
positive level beyond where the maximum 92 is reached can be relied on to 
identify a logic 0 level; specifically, a signal transition in the input potential 
from -0.4 volt to +0.2 volt wiU result in the peak 92 being reached and. thus, 
the signal transition from negative to positive effectively represents a logic 
0. In like manner the pos'.tive to negative transition resulting in production 
of the peak 94 can be used to identify a logic i signal. Shown in Fig. 1 is 
decoding circuitry 100 that may be used to detect such logic signal 
transitions. Such decoding circuitry 100 may include a pair of level 
detectors 101, 102, which respectively produce logic 1 output signab when a 
respective maximum or peak 92, 94 is reached during a particular signal 
transition. If both of the peaks are produced, then an AND gate 103 will 
produce a signal at output terminal 104 representing such occurrence, and 
thus, the excursion from the positive to the negative electric potential. On 
the other hand, if only the exclusive OR gate 105 produces a signal at its 
output 106, the same wiU Indicate that only one of such peaks has a curve, 
i.e. the lower peak 92, and this wiU indicate and excursion of the electric 
potential in a positive direction. 

Also shown in Fig. 1 is a voltage control 110. The voltage 
control 110 may be mechanically or electricaUy connected to the electrical 
supply 4 in order to adjust the electric potential applied to the molecules 42 
In the molecular electro-optical switch 3 (or any of the other molecular 
electro-optical devices 2 used in accordance with the present invention ). 
Such vo:»age control 110 may be an amplifier circuit, an electro-mechanical 
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device that controls the variable resistor 4b, a solid state circuit, a 
computer type circuit, etc. One purpose of the voltage control 110 is to 
achieve a desired electric potential appUed to the molecules 40; another 
purpose may be to limit potential; end so on. 

Turning to Fig. 10b, tiie portion £3 of trie graph SO between the 
pealc 94 and the minimum, which occurs at +0.2 volt is represented at 93'. 
By using the voltage control 110 (Fig. 1) to li.nit the electric potentieJ 
applied to the molecules 40 to that potential shown between about -U.2 volt 
and ♦0.2 volt, the bistable hysteresis function of the graph 90 can 
effectively be eliminated. Moreover, if the voltage control 110 further 
were operative to limit the electric potential applied the the molecules 40 
to that between voltages V, and shown in Fig. lub, a near linear relation 
between electric potential and Intensity of iight emitted by the molecules 
40 at the 1346 Raman spectrum line can be achieved, as is represented at 
the curved portion 93" in Fig. 10b. 

Referring now to Fig. 10c there is shown a cyclic voltammograro 
corresponding to the adsorbed iron-phthalooyanine on a silver electrode in 
aqueous solution of .05 molar H2SO4 and iUustrates the relationship between 
voltage and current for this particular adsorbed molecule. In addition, 
humps or peaks in the cyclic voltammogram indicate oxidation and reduction 
stales of the adsorbed molecules. Cyclic yoltammetry can be ased to help 
explain electro-chemical states of the adsorbed molecules ana interrelate 
optical changes of the Raman scattered light to the clectro^heinical state 
of the adsorbed molecules. 



Fig. Ua, lib and lie show graphs or curves of the relationship 

of intensity of light emitted at certain Raman spectrum lines as a function 
of the electric potential across the molecules, particularly the 
phthalocyanine molecules 42 of Fig. l, at different respective pH levels of 
the electrolyte 43. For example, in Fig. 11a and lib the five pairs of graphs 
120a-124a and 120b-124b respectively show the functional relationship of 
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intensity versus electric potential applied to the layer of molecules 42 (Fig. 
1) for licht emitted at the 1620 cm-1 Raman spectrum line and 1341 cm ^ 
Reman spectrum line for different respective pH of the electrolyte 43. 
Such pH levels, respectively, are represented by the iU-istrated digits 1, 2, 3, 
4, and 7 adjacent the respective curves. The intensities illustrated in Fig. 
Ua end lib are relative intensities and are not intended to represent 
absolute intensities. However, for frame of reference, the distance 
indicated 4.8 in Fig, 11a represents a scale of 4.8 x 10^ counts per second, 
and the distance 2.1 in Fig. lib represents a scale of 2.1 x 10^ counts per 
second, as measured by the above mentioned photo detector equipment. 

hi Fig. Uc are four respective graphs 120c-123c similar to those 
described above but measured with a monochromater setting 1521 cm'^ in 
the system Fig. 1 at the four different indicated pH concentration levels I, 
2, 3. and 4 shown in Fig. Uc. 

In Fig, lid are illustrated 5 respective cyclic voltammograms for 
the respective pH concentrations 1, 2, 3, 4, and 7 corresponding, for • 
example, to the graphs illustrated in Fig, Ua, 1 lb and 11c. 

From the graphs illustrated in Figs. Ua-lld, it will be seen that 
pH cc.ncentration of the electrolyte 43 may have a significant affect on the 
functional relationship between intensity of emitted light of the molecules 
40 and the electric potential applied to the molecules. A more linear 
relationship appears to occur at the lower pH levels. Various portions of the 
curves or functional interrelationships of intensity anc? electric potential can 
be used to achieve certain desired outputs with respect to linearization or 
measurements over particular ranges, etc. Likewise, parameters can be 
selected to accomplish the above-mentioned decoding of electric potential 
change direction and maxima to optimize desired optical/electric outputs 
for particular uses and equipment. 
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EXAMPLES 5A and 5B 



Examples 5A and 5B are the same as Examples 1 and 2 except 
that porphyrine is substituted for the phthalocyanine. The results of 
operation are substantiaUy the same as those described above. 

EXAMPLES 6A and 6B 

Examples 6A and 68 are the same as Examples i and 2 except 
that chlorophyl is substituted for the phthalocyanine. The results of 
operation are substantiaUy the same as those described above. 



EXAMPLES 7A and 7B 



Examples 7A and 78 are the same ais Examples 1 and 2 except 
that heme is substituted for the phthalocyanine. The results of operation 
are substantiaUy the same as those described above. 

EXAMPLES 8A and 8B 

Examples 8A and 8B are the same as Examples 1 and Z except 
that cytochrome was substituted for the phthalocyanine. The results of 
operation are substantiaUy the same as those described above. 

In Examples 5-8 changes in the molar concentration of the 
molecules in the solvent or bathing solution may have to be made to obtain 
the desired monolayer or multilayer film. Also, in oU the above examples, 
although the solvent may be water for ^ater soluble molecules, the solvent 
used in the annodizing bath or dipping bath may be another, such as an 
organic solvent, in which the molecules wiU dissolve. 

In each of the examples described above the substrate 4i is a 
Jlver electrode, which exhibite enhancement of the Raman scattered light 
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due to the «c..vat.on „f t^e silver electrode in the electrolyte described 

be. I tLT";"'" " ^'^"^"^^^ '""^ -^'^ '-enter 

beheves th^t sue act.v«t.cn of silver electrodes is d.e to the fora-ation of 

a sea, -concJuctor layer, which is represented at 41a at part of the electrode 

o thVslTT"' T'' P^'-- -"-tion 

.0 "^e sub^trate or electrode 41 appears to enhance significantly the output 
of he molecular electr««ptical device 2, particularly the switch 3. The 

^tout ^""^ '""^^^^ of tr. 

inventio embodiment and best mode of the present 

nvent «, a sen,.-conductor material is substituted for the electrolytic bath 
« of the swuch 3 Shown in Fig. 2. The molecules of the type described 
bove accord.n,ly. are used in a se.i-conductor type device It does Z 

Z bW T -Vices the molecules 

preferably are of a type that have or are capable of having doped semi- 
conductor characteristics, and examples of such semi-cLuctor type 
devces are the transistors 30. 31. 32. or 33 iUustrated in Fig, 2 5 
respectively. The invention also mav be emoW^H ■ ^ 
devices other than Uansistors. '^' ^ *^'"^--<'-«« 

n,oW., .f''"'"' *° 2) as exemplary, the 

m lecui^ 40 are adsorbed onto the substrate 50 or are otherwise d.p sited 
h eon to form the ^n junction 34. A further p-„ junction 35 Is forL by 

Te mr ' " ^ o,Uc^y transmissive to 

he nc d ,,,, ,0. aUowing the same to impinge on the molecules 40. and 

molecules 0 ""^^ '"^ 

molecules 40 are macrocyclic which na.uraUy have p type doped semi- 
conductor Characteristics. Accordingly, the semi- conduct^ layer^ 50 S 
preferably are „ type doped semi-conductor .material. rT^^Z 
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n>acroeylcie molecules and the preferred semi-conductor type materials for 
the layers 50, 51 are listed above. Other materials also may be used as 1op-» 
as they have similar characteristics of operating in the manner of . semi' 
conductor or doped semi-conductor material. Tiie semi-conduotor devices 
also may be other than transistor devices, for example diodes. 

Operation of the molecular clcctro-opticaJ fansisfor 30 is 
similar to operation of the molecular electro-optical switch 3 de«:.nbed 
above wuh reference to Fif. 1, and as was mentioned above the transistor 
30 may be substituted for the switch 3 in the system 1. Moro particularly, 
electric potential or other electric input can be applied to ths molecules 40 
via the leads 52a, 52b. 52c and the semi-conductor layers 50, 51. The 
electric supplies 36, 37, which preferably are DC voltage sources, provide 
the needed power. Incident light 20 is directed through the layer 51 onto 
the molecules 40. In response to that incident light and the electric 
potential, the molecules will scatter or re-emit light 21 In the same wav 
that the molecules 40 respond, as is described above with reference to ^ig 
1. A unique advantage of the molecular electr,^^ptical transistor 30 is that ' 
such deice operates not only as a device capable of providing an optical 
output, but also such device functions In the same way as a conventional 
transistor device. Thus, for example, the transistor 30 may be used in an 
emitter foUower configuration, as an amplifier for electrical signals, etc. 
Therefore, the transistor 30 has a plurality of capabilities both in the 
e ectronic usage thereof, in the optic usaRe thereof, and in the combined 
electrc^ptical useage thereof. Also, electrical read-out of optical si<r,als 
can be achieved because the electrical ..haracteristics of the device 3o"wiU 
vary as a vunction of incident light 20. A particular advantage of the 
transistor 30 over the switch 3 is the portability of the t.ansisitor. 
SpecificaUy. a relatively non-portable electrolyte is not required for the 
transistor 30, rather, the electrical Input required for operation to affect 
the optical output in the transistor 30 is achieved by the material forming 
the seim-conductor layers 50, 51, 
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Figs. 2, 3, 4 and S can be distinguished, as foUows. In Fig. 2 the 
moleoules 40 in accordance with the invention malce up a monolayer, i.e. 
about one molecile thick, between the semi-conductor layers SO, 51. In Fig. 
3, the molecules 40 form a multi-layer 140 thereof between the semi- 
conductor layers 50, 51. In Fig. 4 the molecules 40 form a monolayer and 
are actually adsorbed onto an electricaily conductive substrate 141, such as 
silver or sUver oxide w.hicfc is looated between the S Mni-conductor layer 50 
and the molecules. Such conductor 14' may be employed to achieve the 
desired electric potential application 7o molecules 40 but could be 
eliminated, as in the transistor 30, if adequ.nc electric potential can be 
appUed to the molecules 40 in the monolayer using only the semi-conductor 
materials 50, 51. Another advantage to using the layer 141, especiaUy if it 
Is sUver. is the possibility of activating the same to achieve gain effect 
mentioned above. In Fig. 5 the transistor 33 has a multi-layer 142 of 
molecules 40, and those molecules are adsorbed onto the metal conductor 
substrate 143 as in the case of the conductor 141 described with reference 
to the transistor 32 in Fig. 4. Operation of the several transisitors 31, 32, 
and 33 would be the same as operation described above for the transistor 30. 

EXAMPLE 9 

Processes simUar to those described above may be used to 
<teposit/adsorb subject molecules onto semi-eonductor material, especially 
using dipping, sputtering, vacuum deposition and epitaxial growth. The 
bathing medium may have to be altered to avoid corrosivlty with respect to 
the semi-conductor substrate material. Formation of macrocycUc films on 
semi-conductor substrates can be achieved by conventional techniques, and 
the same is true with respect to formation of semi-conductor fUm in the 
macrocydic material. Thus, for example, using available semi-conductor 
techniques and the preferred macrocyclie molecules a device can be made 
having the macrocyclie molecules sandwiched between the semiconductor 
layers. 
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Both the switch 2 and transistors 30-33 may be used in 
accordance with the invention to provide a switching function. Specifically, 
in response to the input light and a particular electric potential, the output 
light or a particular spectral component thereof may be switched on or off. 
The speed of response of such switch is on the order of 10"^ 3 second and 
may be as fast as the order of 10*^5 second, especially if the molecule 
exhibits tunnelling. The invention also may be used to modulate the 
intensity of an output signal as a function of incident illumination on the 
molecules 40 and/or electric potential applied thereto. Response to such 
modulation likewise is extremely fast. Such switching and modulating 
operations can be employed in a way that a sing e input, either optical or 
electrical, can affect multiple outputs, e.g. in the form of the individual 
spectrum components of the scattered or re-emitted light from the 
molecules. 

In Fig. 12 is illustrated an embodiment of the invention used as 
an electro-optical memory or read-out type of device. Such memory is 
depicted at 150, and it includes an array of a plurality of cells, such as those 
identified 151, 152. Each cell may be in th form of a molecular electro- 
optical transistor 30 including discrete doped semi-conductor layers 50, 51, 
etc. with a monolayer or multiple layers of molecules 40 therebetween. 
Thus, it will be appreciated that the solid state or semi-conductor 
embodiments of the invention have an important advantage of conveniently 
lending to inclusion in a relatively large scale (in terms of actual cells) but 
small size memory or read-out type device. As an example, using presently 
available technology each cell can be on the order of 2 microns by 2 
microns; therefore, a density of 0.25 x 10^ of unit cells or elements, per 
square centimeter can be achieved. Upon application of appropriate 
electric potential to the molecules in a given cell such as cell 151, the same 
operates substantially identically to molecular electro-optical transistor 30 
of Fig. 2. Such cell may be optically scanned by a conventional laser 
scanner 153, and in response to such scanning and the potential across the 
molecules 40 of the individual cell, such cell will emit light 21 which can be 
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detected and analyzed by the optical detector/analyzor 154, which may be 
analagous to the Raman spectrophotometer 10 described tbove in det£«il 
with reference to Fig. 1. 

The laser 153 may illuminate the entire array of cells. Leads 
schematically shown at 155 may be used to alter the potential of respective 
cells. The detector/analyzer 154 may include a focusing: lens 157 and a 
focal plane lens 158 which cooperate to collect light scattered by respective 
cells producing beyond the lens 158 an image that can be analyzed by the 
Raman spectrophotometer 10 or by other optical detector means. In the 
case that laser simultaneously illuminates all or, in any event, more than 
one cell in the device 150, the detector 10 will have to scan the cells. 
Alternatively, as was mentioned above, respective cells may be coupled 
directly to other cells in another device 150 which responds to the outputs 
and/or excitation of the former. As a further alternative,, a ncn-scanning 
detector 10 may be used if the laser 153 scans discrete cells of the array 
device 150. 

The memory/reed-^ut device 150, scanner 153 and 
detector/analyzer 154 form an electro-optical read-out system 160. The 
system 160 can be used to detect electric potential of a given cell and to 
convert that information to optical information for subsequent detection in 
the detector/analyzer 154. r.iinimum current flow and, therefore, minimum 
power is required by the memory device 150 to maintain the electric 
potential across the respective molecules 40 in the individual cells. Such 
electric potential can be discretely controlled for ind:vi:Jual cells by 
computer or other means connected by the illaslrated leads to the 
respective semi-conductor layers. Since there is minimum electric power 
required for the device 150, the amount of heat emitted thereby will be 
minimized. Since the operation of the molecules 40 is ex^iremelv fast, 
scanning in the system 160 also can be extremely fast, thus potentially 
increasing the speed of operation capability of the computer or other 
apparatus in which the system 160 is included. Another important 
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advantage of the systen) 160 is the ability to rely on multiple outputs from 
each cell so that each cell has the cnpability of actually storing multiple 
information, given electric potential condition thereof, for example. 

Thus, it will be appreciated that the invention may be used to 
effect prompt conversion of electrical signals and/or information to optical 
signals and/or information, Morover, the invention may be used to facilitate 
fast optical read-out of an electrical memory device. 

The optical amplifier illustrated in Fig. 7 may be substituted in 
the switch 2 or one of the molecular electro-optical transistors 30-33 for 
the layer or layers of molecules 40 therein. In the light amplifier molecular 
structure 38 there aie a plurality of molecules 40 in accordance with the 
present invention, preferably macrocyclics, and most preferably 
phthalocyanine, which are placed in close proximity to each other and may 
be chemically bonded to each other. Preferably such molecules 40 are such 
that they are stacked or otherwise relatively adjacent to each other 
generally in the manner illustrated in Fig. 7. The amplifier 38 also includes 
a light sensitive input molecule 200, in the preferred embodiment and best 
mode of the invention rhodopsin, (another example would be male ic-fum uric 
complexes) chemically bonded to the molecules 40 in the outer layer. The 
light sensitive input molecule 200 responds to light input generally or to a 
particular frequency/wavelength characteristic by going into an excit'jd 
state. In such excited state, an electron is freed or becomes more excited 
than in its unperturbed state. Such excitation is readily transferred directly 
to a molecule 40 to which the light input molecule 200 is chemically bonded. 
Such t)onding may occur in a way similsu- to the way in which one of the SO3 
polar groups is attaciied to the phthalocyanine molecule in Fig. 6. Thus, as 
is illustrated in Fig. 7 there are 3 phthalocyanine molecules 201, 202, 203, 
and the light sensitive input molecule 200 is chemically bonded to the first 
phthalocyanine molecule 201 using available organic synthesis techniques. 
The excitation of the light sensitive input molecule 200 is transferred to the 
electro-optical molecule 201 causing the latter to become excited and to 
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emit bght of a particular spectral characteristic. That light and such 
excitation are transferred to the next adjacent electro-optical molecule 
202, e.g, another phthaiocyanine, further exciting the same and causing the 
same to emit light of the same spectral components; but in this case the 
preferred spectral components wUI be of greater intensity than those of the 
light emitted by the molecule 201 .because of the. dual excitation of the 
molecule 202, both in terms of the transfered electrical excitation and the 
optical input thereto. The same type of amplification occurs with respect 
to the molecule 203 in response to inputs from molecules 202. A light 
output 21, then, is produced at the last molecule 203 in response to the Ught 
input 20 to the input molecule 200. The light input 20 may have a spectral 
component identical to one of the amplified spectral components included in 
the light output 21. However, due to the above described ampUfication 
crrect, the Intensity of the noted spectral component in the light output 21 
may exceed the intensity of the same spectal component included in the 
light input 20. 

Accordingly, the light sensitive input molecules 200 may be used 
to couple light inputs to respective molecules 40 ii accordance with the 
present invention to enhance the intensity of preferred spectral components 
in the light output produced thereby. The invention has application in 
optical communication transmission devices, e.g. by selectively ampUfyihg 
light of a particular frequency, such as that to which the input molecule is 
especially sensitive. 

Another technique for enhancing or increasing the intensity of 
the Ught output, and particularly the intensity of a specific spectral 
component from the molecules 40 is to provide thereto optical input at a 
frequency that is substantiaUy identical to the irequsncy of the natural 
vibration of the molecular bond thereof. For example, the Raman spectrum 
line at 1341 cm-l shown in Fig. 9 is due to the natural vibrational frequency 
of a carbon-nitrogen bond. The desired frequency of the incident light to 
the molecules 40 at the frequency which corresponds to such 1341 cm-* 
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spectral line can be achieved by using two coherent monochromatic light 
sources, such as lasers 6, 7 which interfere with each other so as to produce 
incident illumination that is at a frequency corresponding to such Vi4l cm"^ 
Raman spectrum line. Such illumination is in accordance with the coherent 
■ anti-Raman Stokes principle. Operation using such principle results in a 
much higher intensity output from the molecules 40. However, such 
operation according to such principle will result in only a single output being 
produced by the molecules 40 rather than the multiple outputs described 
above. By scanning one of the laser frequencies an enhancement of the 
Raman signal at other frequencies can be achieved. 

Briefly referring to Fig. 13, there is shown schematicaUy a 
circuit for reading electricaUy the response of a device 2 according to the 
invention to an optical input and a particular potential input. A voltage 
Input control 110 controls the magnitude of electric potential applied by the 
source 4 to the device 2. A meter 220 reads current, for example, to detect 
the response of the device 2 to the input potential and input light. This 
exemplary rea<H?ut or other ones may be used with the several embodiments 
of the invention described herein to obtain an electrical read-out of optical 
or even of electrical input to the device 2. 

In view of the foregoing, it wUl be appreciated that the invention 
may be used as an electro-optical switch or as an electro-cptical semie 
conductor device. In the latter case, the semi-conductor device most 
preferably is an electro-optical transistor. However, the invention may be 
employed with other types of semi-conductor systems, such as four or more 
semi-conductor layer systems, etc. Inputs may be provided by conventional 
lasers, semi-conductor laser devices, and other sources of optical 
illumination, preferably of the monochromatic type and most preferably of 
the coherent type. The materials of which the invention may be employed 
are described above. Other materials that would function equivalontly also 
may be employed. The invention also embodies methods of switching, 
modulating and amplifying consistent with the above description. 
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The embodiments of the invention in which an exclusive 
property or privilege is clciimcd are defined as r->Uows: 

1. A high speed eiectro-oplic device, comprising a substrate 
Including electrical conductor or semi-conductor ntf terial, and electro-optic 
responsive macrocyclic molecules adsorbed on said substrate, said molecules 
being responsive to at least one of an el<;oirical inp it or an optical input to 
effect a high speed output function; said moleciUes being operative to 
produce an optical output a5 a carrier of information, said optical output 
being resolvable spatialJy in the frequency dDuain to read out generated or 
stored information; end further comprising RaiTian spectrometer means for 
spatially resolving such optical output in the frequency domain; and wherein 
said molecules are responsive to at least one of an electrical input or an 
optical input to undergo a detectable intra-molecular electron transfer or 
intra^molecular electron energy change to effect an output function. 

2. The device of claim I, said optical input means comprising 
a monochromatic light source. 

3. The device of claim 2, said light source comprising at least 

one laser. 

4. The device of claim I, wherein said molecules comprise 
molecules from the group comprising phthalocyanines, porphyrines, 
chlorophyls, hemes and cytochromes. 

5. The device of claim 1, said sul)strate comprising a 
conductor from the group comprising silver, gold, copper, and aluminum, and 
halides thereof. 

6. The device of claim 5, further comprising a semi-conductor 
material interface between said molecules and substrate. 

.7. The device of claim 1, said substrate comprising a semi- 
conductor from the group comprising doped or non-doped galium arsenide, 
tin oxide, zinc oxide, 'iilver oxide, cadmiiiM sulfate and germanium. 

8. The device of claim 7, further comprising a conductor 
interface between said molecules and substrcte. 

9. The device of claim 1, said substrate comprising an organic 

material. 

10. The device of claim 1, further comprising an electrolyte, 
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s^d substrate a«, said electrolyte being positioned with respect to said 
molecules to apply an electric input thereto. 

electric pot". J" ""^ ''''''''' -"'^-^^ ^ 

12. The device of claim 1, further comprising an optically 

ZuTr ""^'""'^ """"^ ^'^'"'^^"^ - one Of s 

r™;^^""" - - -St one Of 

moi.. , """'"^ comprise 

molecules from the group comprising phthalocvanines, porphyrL 
cWorophyls, hemes and cytochromes .oh c ^4 • P°'P"y"nes, 
«,mr„i.~ K ^ ■ cyiocnromes, and said input molecule means 

comprises rhodopsm or maleic-fumuric complexes. 

Pluralitv of"* '"'^'"^ >2. ''aid molecules comprising a 

?r than an^ Z """^^"'^ -^^"^ "^'"^ '^"-'-"^ .x,nded to 

respect to each other to respond to excitation of at least one respective 
adjacent said molecule to amplify the output therefrom. 

nieans for applymg an electrical input to said molecules, said electrical 

input means including said substrata -nn eiecirieai 

- sut'strate, and optical input means for applyine an 

optical input to said molecules. ^ 

s^itchin. or"' J'* '5. said molecules being responsive to 

switching of such opt cal inout to orr^t 

function. switching function as such output 

moloo,, of said molecules including a 

n^olecular bond, the effecting of such switching function being due to the 

rTXrTlT -^^'^"^ '"t— illar cha^ 

transfer effected by such optical input. 

oo,io„ . ''^"'"^ "«"«""«s produce an 

P ral sign I outputs, at. least two of such signal outputs being different 
respective functions of at least one of such electrical input and s ch optical 
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19. The device of claim ?a 

responsive to at least on* «f . '^"^ -"oleculo. are 

.«.c. » .„™ ::rr - ""-^ ■» 

20, The device of clAtm ic k 

responsive to at least «n» r \. ' ^'"^ fnolecults are 

-5 J. The device of claim 22 r #k 

semi-conductor device. niolecules to form said 

25. The device of etniin 
monolayer thereof. ' comprising a 

positioned t^wee?a„:t:,:cVi':T '"^'"^ ^ — 

one of said substrate layel -'-uies and 

layer, ther^f] "'^ — '« co.prisin, „.u„ip,e 

.Signed ^t^ellTr^^^^^^^^ 

said n,oiecu,es and one of said substrate layer/ °' 
29. The device of Cain, 24. Wherein ..ethiCness Of at least 
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one of s«.d sul«tra.e layers is sufficiently small to be effectively opticaUy 
tra^rent to enable input light to oe transmitted through to said molecules 
and light em.tted by said nolecules ,o be transmitted out from said device. 

30. The device of claim 1. wherein in response to a given 
optical mput said molecules omit light having a speotral component that 
vanes m .ntensity as a function of electric potential applied to said 
molecules, sa.d function having a bistable hysterasis curve characteristic 

"""" «''"'P"-"^ input means for 

applvu* an electr.e potential input and an optical input to said molecules, 
and con ^, „,ea„s for limiting the potential variation of such electric 
potential .nput . to restrict such intensity variation of such spectra, 
component to avoid bistable hysteresis of such function. 

32 The device of clnin 30. further comprisinrlnput means for 

alTT ? '"'■''""^ "'"''^^ '0 -'ecules. 

and detector means for detecting the maximum of such intensity for a given 
d.r^,on of Change of such electric potential and decoder means for 

a 7 " ' -"--"^-"o" of such direction of change past 

a bis^ble hysteresis curve maximum. 

and f ,s """^ '""^"""'^ comprising a solid, 

and f^^ther compr.sing an electrolyte cooperative with said solid to apply an 

ZT "'T^ ^'"'^^'^'^ "-'"^ - 0". -'-h 

function and such bistable hysteresis curve characteristic varying in 
response to such pH. ^-ryin^ in 

ct2'.. ^'''""'^ ^ Vibrational 

Ulumnafng sa.d molooule. with light having effective frequency at least 
su^ta.nt.a,ly the same as such particular vibrational characteristic to cale 
««h^«tra-mo.ecul.r electron transfer or intra-mo.ecular electron energy 

two li^, '''' """" "^""^ comp-isingat least 

two l^t sources, each producing a coherent monochromatic light at a 
respecuve frequency, ^ald coherent monochromatic lights being directed 
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onto sa,d molecules for subtraCive interference whereby the difference 
between the frequencies of such lights at least substantially equals the 
vibrational characteristic frequency of such moIecuUr bond. 

36. The device of claim 35, said light sources comprising 
respect.ve tasers, and «id lasers interacting according to the coherent anti- 
Kaman stokes principle. 

37. The device of claim 35. further comprising detector means 
for detecting light emitted by said molecules at such particular vibrational 
Characteristic frequency. 

38. The device of claim I. said molecules having a molecular 
bond sa.d bond having a vibrational characteristic, said molecules having a 
detecuble output characteristic responsive to the vibrational characteristic 
of such bond, and said vibrational characteristic being alterable in response 
to an electrical or optical input to change such output characteristic. 

39. The device of claim 38. said change being either in 
Intensity or frequency of light emitted by said molecules. 

ih.r / '■''''^'"'^"''^'^'^""•.^id device comprising a Plurality 

thereof on a s.ngle support, optica, and electr -al input means to apply 
.espectwe inputs to said devices, and read^t means for reading oul 
information from respective devices. 

Inputs or Changes of Inputs In fast time on the order of 10-13 10-15 
second. 

ro«m.™K- devices being so responsive at 

room ambient temperatures. 

"* "''^'"^ °' """"" "^'"^^ '^'"K P<«'"<"'«1 on 

sue support w.th a density on the order of 0.25 x 10«>. per square 
centimeter. ^uarc 

«. The device of claim 1. wherein said substrate and molecules 

"oe'c.rmT""" •^'■"^ " 

Spectrometry. 

suh^r.t "'^ '"^^ electro^tic switch system, comprising a 

suhs^rate comprised of ,t least one of an electrical conductor or semi- 
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conductor material; electro-optic responsive macrocyclic molecules com- 
prising at least one of phthalocyanine molecules, porphyrine molecules, 
chlorophyl molecules, heme molecules and cytochrome molecules, said 
molecules being adsorbed on said substrate and responsive to at least one of 
an electrical input or an optical input to undergo an intra-molecul&r 
electron transfer or intra-molecular electron energy change as a carrier of 
information; input means for supplying to said molecules at least one of an 
electrical input or an optical input; and a Raman spectrometer output means 
for reading out such information. 

46. The system of claim 45, said input moans comprising a 
monochromatic light source. 

47. The system of claim 46, said i"put means comprising at 
least one laser. 

48. The system of claim 45, said substrate comprising a 
conductor from the group comprising silver, goldi copper, and aluminum, end 
halides thereof. 

49. The system of claim 48, further comprising a semi- 
conductor material interface between said molecules and substrate. 

50. The system of claim 45, said substrate comprising a semi- 
conductor from the group comprising doped or non-doped galium arsenide, 
tin oxide, zinc oxidc^ silver oxide, cadmium sulfate and germanium. ' • 

51 The system of claim 50, further comprising a conductor 
interface between ?aid molecules and substrate. 

52. The system of claim 45, said substrate comprising an 
organic material. 

53. The system of claim 45, said input means comprising an 
electrolyte, said sut>strate and said electrolyte being positioned with respect 
to said molecules to apply an electric input thereto. 

54. The system ^f claim 53, said electric input comprising an 
electric potential. 

55. The system of claim 45, further comprising cn opucally 
responsive input molecule means chemically bonded to at least one of said 
molecules for responding to an optical input to excite said at least one of 
said molecules. 
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56. The system of claim 55, wherein said input molecule mean., 
comprises rhodopsin or melaic-fumuric complexes. 

57. The system of claim 55, said molecules comprising a 
plurality of same, said inpu-l molecule means ,t,eing chemically bonded to 
fewer than aU of said molecules, and said mokc-.los being positioned with 
respect to each other to respond to excitation of at least one respective 
adjacent said molecule to amplify the output ther«>from. 

58. The system of claim 45, said input means comprising 
electrical input means for applying an electrical input to said molecules, 
said electrical input meaa, including said substrate, and optical input means 
for applying an optica] input to said molecules. 

59. The system of claim 58, sb.C moleoules being responsive to 
switching of such optical input to effect a switching function as such output 
function. 
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The system of claim 59. each of said molecules including a 
molecular bond, the effecting of such switching function being due to the 
Change in vibration of such bond in response to an intra-molecular charge 
transfer effected by such optical input. 

61. The system of claim 58, wherein said molecules produce an 
optical output that can be spatiaUy resolved in the frequency domain to 
plural signal outputs, at least two of such signal outputs being different 
respective functions of at least one of such electrical input and such optical 
input. 

62. The system of claim 61, wherein said molecules are 
responsive to at least one of such electrical input and such optical input to 
switch on and off respective signal outputs. 

63. The system of claim 61, wherein said molecules are 
responsive to at least one of such electrical input and such optical input to 
modulate respective sigiicl outputs. 

64. The system of claim 61, further comprising an optically 
responsive input molecule means chemically bonded to at least one of said 
molecules for responding to an optical input to excite said at least one of 
said molecules, and wherein said molecules are responsive to excitation by 
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said input molecule means and such electrical input to produce an amplified 
signal output in the form of an output light intensity of a particjlar spectral 
component that is capable of exceeding Input light intensity of such 
particular spectral component received by said input molecule means. 

65. The system of claim 61, comprising detector means for 
detecting respective signal outputs. 

66. The system of claim 65, further comprising^ measuring 
means for measuring the magnitudes of such detected signal outputs, 

67. The system of claim 45, said substrate comprising 
respective layers of semi-conductor material positioned with respect to said 
molecules to form said semi-conductor device. 

68. The system, of claim 67, said molecules comprising a 
monolayer thereof. 

69. The system of claim 68, further comprising a conductor 
positioned between and in electrical engagement with said molecules and 
one of said substrate layers, 

70. The system of claim 67, said molecules comprising multiple 
layers thereof. 

71. The system of claim 70, further comprising a conductor 
positioned between and in electrical engagement with at least one layer of 
said molecules and one of said substrate layers. 

72. The system of claim 67, wherein the thickness of at least 
one of said substrate layers is sufficietitly small to be effectively opticelly 
transparent to enable input light to be transmitted through to said molecules 
and light emitted by said molecules to be transmitted out from said device. 

73. The system of claim 45, wherein in response to a given 
optical input said molecules emit light having a spectral component that 
varies in intensity as a function of electric potential applicJ to said 
molecules, said function having a bistable hysteresis curve characteristic. 

74. The system of claim 73, said input means comprising means 
for applying an electric potential input and an optical input to said 
molecules, and control means for limiting the potential variation of sucli 
electric potential input to restrict such intensity variation of such spectral 
component to avoid bistable hysteresis o'' such function. 
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75. The system of claim 73, said input means comprising means 
for applying an electric potiontiM input and an optical input to said 
molecules* end >aid output means comprising detector means for detecting 
the maximum of such intensity for a given direction of change of such 
electric potential hnd decoder means for decoding such maximum as a 
representatfon of such direction of change past a bistable hysteresis curve 
maximum. 

76. The system of claim .73, said substrate comprising a solid, 
and said input means comprising «n electrolyte cooperative with said solid 
to apply an electric potential to said molecules, said electrolyte having a 
pH, and such function and such bistable hysteresis curve characteristic 
varying in response to such pH. 

77. The system of claim 45, at le^st some of such molecules 
having- a molecuiar bond which exhibits a particular vibrational 
characteristic frequency, and said input means comprising optical input 
means for illuminating said molecules with light having an effective 
frequency at least substantially the same as such particular vibrational 
characteristic to cause such intra-molecular electron transfer or intra- 
molecular electron energy change. 

78. Tht system 77, said optical input means comprising at least 
two light sources, each producing a colierent monochromatic light at a 
respective frequency, said coherent monochromatic lights being directed 
onto seid molecules for subtractive interference whereby the difference 
between the frequencies of such lights at least substantially equals the 
vibrational characteristic frequency of such molecular bond. 

79. The system of claim 78, said light sources comprising 
respective lasers, and said lasers interacting according to the coherent anti- 
Raman Stokes principle. 

80. The system of claim 78, said output means comprising 
detector nteans for detecting light emitted by said molecules at such 
particular vibrational characteristic frequency. 

81. The system of claim 45, said molecules having a molecular 
bond, said bond having a vibration**! characteristic, said molecules having a 
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detectable output characteristic responsive to the vibrational characteristic 
of such bond, and said vibrational characteristic being alterable in response 
to an electrical or optical input to change such output characteristic. 

82. The sy-stem of claim 81, said change being either in 
Intensity or frequency of light emitted by said molecules. 

83. A multiple switch system comprising a plurality of high 
speed electro-optic switch systems of claim 45 on a single support, said 
Input means comprising both optical and electrical input means to apply 
respective inputs to said switch systems, and read-out means for reading out 
Information from respective switch systems. 

84. The system of cUim 83, said switch systems being 
responsive to inputs or changes of inputs in fast time on the order of 10-^3 
to 10"^ 5 second. 

85. The system of claim 84, said switch systems being so 
responsive at room ambient temperatures. 

86. The system of claim 84, said switch systems being 
positioned on such support with a density on the order of 0.25 x lO^ per 
square centimeter. 

87. The system of claim 45, wherein said substrate and 
molecules are cooperatively related to be read out using surface enhanced 
Raman spectrometry. 
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